ABSTRACT Heart failure is one of the leading causes of hospitalization worldwide. Mitral regurgitation (MR) is a known complication of end-stage cardiomyopathy and is associated with a poor prognosis due to progressive mitral annular dilation. A vicious cycle of continuing volume overload, ventricular dilation, progression of annular dilation, increased LV wall tension, and worsening of MR and CHF occur. Commonly, these patients were managed medically with diuretics and afterload reduction, and frequently with mitral valve replacement, both of which have poor long term survival in patients with CHF and MR. Over a 10-year period we prospectively studied over 200 patients with cardiomyopathy and severe MR who underwent mitral valve repair utilizing an undersizing overcorrecting annuloplasty ring. The mortality was low with one intraoperative death and eight 30-day mortalities. There were 26 late deaths; 2 of these patients had progression of heart failure and underwent transplantation. The 1-, 2-, and 5-year actuarial survivals have been 82%, 71%, and 52%, respectively. The NYHA class has improved for all patients from a preoperative mean of 3.2 ± 0.2 to 1.8 ± 0.4 postoperatively. All patients demonstrated improvement in ejection fraction, cardiac output, and end diastolic volumes with a reduction in sphericity index and regurgitant volume at 2 years post operation. All of the observed changes contribute to reverse remodeling and restoration of the normal left ventricular geometry. Mitral valve repair is a safe and effective operative intervention that corrects MR and offers a new strategy for patients with MR and end-stage cardiomyopathy.
The management of patients with congestive heart failure (CHF) is a worldwide heath care problem, and a leading cause of hospitalization and mortality. Despite improvements in medical management, approximately 50% of patients with severe CHF die within 3 years of presentation. 1 In the United States alone, nearly 4.9 million people are suffering from heart failure; however, less than 3000 of the 500,000 patients diagnosed annually are offered transplantation due to limitations of donor availability, comorbid medical conditions, and often the advanced age of this patient population. 2 Functional MR is a significant complication of end-stage cardiomyopathy and may effect almost all heart failure patients as a preterminal or terminal event. Those with CHF and MR have a life expectancy of less than 12 months. 3 In an effort to resolve this problem and deficiency, mitral valve reconstruction has evolved as a surgical alternative to treat heart failure.
To address the issue of CHF and MR and its management, one needs to understand the anatomy of the mitral valve. Mitral competence depends on the coordinated function of the components of the mitral apparatus: the leaflets, annulus, papillary muscles, chordae tendinae, and the entire left ventricle (LV). Maintenance of the chordal, annular, subvalvar continuity, and mitral geometric relationships are important in the preservation of overall ventricular function; it may be even more important in patients with compromised function. As the ventricle fails, the progressive dilatation of the LV gives rise to MR. This action leads to a cycle of volume overload within an already dilated ventricle, progression of annular dilation, increased LV wall tension, increased degrees of MR, and worsened CHF. Mitral regurgitation is a significant complication of dilated cardiomyopathy and end-stage heart disease, and the incidence of MR complicating dilated cardiomyopathy has been reported in as high as 60% of patients. 4 Patients with CHF and MR refractory to medical therapy have a poor long-term survival, with only 46% 1-year survival without transplantation. 3 Furthermore, as little as 30 ml of regurgitant volume in the setting of ischemic MR is associated with only 47% 5-year survival. 5 The functional MR that develops in CHF can be seen in patients with either idiopathic or ischemic cardiomyopathy. In patients with nonischemic dilated cardiomyopathy, in the absence of intrinsic mitral valve disease (i.e., myxomatous degeneration, calcific, or rheumatic disease), MR is due to a progressive dilation of the annular-ventricular apparatus with altered ventricular geometry and a subsequent loss of leaflet coaptation (Fig. 1) . 6, 7 In patients with ischemic cardiomyopathy, more complex mechanisms contribute to MR. The failure of leaflet coaptation may be related to a combination of dilation of the annular-ventricular apparatus and LV wall/papillary muscle dysfunction. A large leaflet area is required for coaptation because mitral leaflet area is 2 1 / 2 times greater than the area of the mitral orifice. 8 There is a critical reduction in the tissue available for coaptation as more leaflet tissue is utilized for the enlarging orifice. Eventually, the leaflet coaptation becomes ineffective and a central regurgitant jet of functional insufficiency develops. 9 Therefore, the most significant determinant of mitral valve coaptation, leaflet orifice area, and MR are the dimensions of the mitral valve annulus. The LV dimension is less important in functional MR because chordal and papillary muscle length are not significantly altered in people with idiopathic cardiomyopathy with or without MR. 6 In a recent study of patients with severe heart failure managed with pharmacologic agents (diuretics, nitrates, and afterload reduction agents), the observed decrease in filling pressure and systemic vascular resistance led to a reduction in the dynamic MR associated with their heart failure. This was attributed to a reduction in the regurgitant orifice area related to the decrease in LV volume and annular distension. 10 This complex relationship between mitral annular area and leaflet coaptation may explain why, paradoxically, an undersized "valvular" repair can help a myopathic "muscular" problem.
Increases in LV preload, wall tension, diastolic volume, and stroke volume are all documented ventricular adaptations to severe MR. There is a significant decrease in the efficiency of the LV contraction and the work expended by the LV, which produces flow that ultimately does not contribute to effective forward cardiac output. In these patients, maintenance of forward flow becomes more difficult because up to 50% of the stroke volume is ejected into the left atrium before the aortic valve even opens. 11 Eliminating the reversal of flow or regurgitant volume alleviates the excessive work place on the LV. In cases of severe myocardial dysfunction, the positive effects of the elimination of the regurgitant flow may be even more pronounced. By utilizing mitral valve repair to restore the alterations in the annular-ventricular unit, serves to not only restore valvular competency but also to improve ventricular function.
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MANAGEMENT
For patients with cardiomyopathy and functional MR, treatment of the underlying CHF with the use of diuretics, ACE-inhibitors, and beta blockers remains the mainstay of medical management. Mitral valve replacement has historically been the surgical approach to patients with MR. However, little was understood of the adverse consequences that interruption of the annulus-papillary muscle continuity had on LV systolic function. 17 Ultimately, this method of mitral valve replacement in patients with heart failure was associated with high mortality rates. 18, 19 In fact, it has been shown that the mortality ascribed to these patients from mitral valve replacement was due to the disruption of the subvalvar apparatus and loss of LV function. [20] [21] [22] [23] Several studies have demonstrated that preservation of the annulus-papillary muscle continuity is of paramount importance for the preservation of LV function. 24, 25 Preserving the mitral valve apparatus and LV with mitral valve repair has been demonstrated to enhance and maintain LV function and geometry and decrease wall stress. 26, 27 Therefore, maintaining the chordal, annular, and subvalvar continuity positively impacts mitral geometric relationships and improves overall ventricular function. It may prove most crucial in patients with compromised LV function. Mitral valve repair has been shown to be safe with a significant decrease in operative morbidity and mortality and good long-term outcomes.
While surgically treating heart failure, it is important to recall that the diameter of the mitral valve annulus is the most significant determining factor of leaflet coaptation and MR. 10 Utilizing the technique of undersizing and overcorrecting to repair the mitral valve serves to restore the zone of coaptation (ZC) and permits its effective application to patients with diminished heart failure (Fig. 2) . This would seem intuitive given the fact that the left ventricular dimensions are of less importance in functional MR wherein the length of the chordae and papillary muscles are similar in myopathic hearts regardless of the presence of MR. The degree of LV dilation does not determine the degree of dilation of the mitral ring because they are independent processes. Furthermore, there is increased understanding and knowledge of what happens to the left ventricular unit of the mitral valve. We now know that the intertrigone distance is not fixed and does indeed dilate. 28, 29 These new findings assist us in the advancing surgical approaches to heart failure. As the distance between the fibrous trigones is not stable and dilation occurs along both the insertion of the posterior leaflet and in the anterior portion, the role and applicability of undersizing and overcorrecting with a complete annuloplasty ring is further classified.
Several technical points are worthy of mention. We advocate the use of a circumferential ring, which results in a better distribution of forces. Additionally, numerous sutures should be used to secure the ring. Doing so will decrease the stress placed on each individual suture. Because the beta receptors are down-regulated in these patients due to beta overstimulation, we routinely use other means for inotropic support during surgery. This includes the phosphodiesterase inhibitor Milrinone used concomitantly with norepinephrine. Additionally, Aprotinin is used for hemostasis.
The relative contraindications to this operation are right ventricular failure, severely enlarged left ventricular diameter and volumes, elevated pulmonary artery pressures, extremely high norepinephrine levels, TNF, and BNP. All of these are markers of long-term CHF. Unfortunately, modalities of medical treatment that included the use of recombinant agents directed at TNF-α receptors and antiendothelin have failed to improve treatment and outcome. There is a condition when the technique of undersizing and overcorrecting for MR in myopathic hearts may not have optimal results. This is when there is asymmetrical left ventricular geometry. Conceivably, the development of new shaped rings could reverse these 3D geometrical changes.
To date, at the University of Michigan (1994 Michigan ( -2003 , over 200 patients with end-stage cardiomyopathy and refractory MR have undergone mitral valve repair with an undersized flexible annuloplasty ring. All patients had NYHA Class III or IV heart failure despite receiving maximal medical therapy including diuretics, nitrates, afterload reduction agents, particularly ACE inhibitors, and beta blockade. Patients had severe LV systolic dysfunction with a mean ejection fraction of 16 ± 5. Overall operative mortality was 5%. There have been eight 30-day mortalities: one intraoperative death due to right ventricular failure, two from CHF, two from a cerebrovascular bleed, and three succumbed to multisystem organ failure. Five patients required IABP support, and there were no patients who required the use of a LV assist device. The mean duration of follow-up in these patients was 49 months (range 1-74 months), with 1-, 2-, and 5-year actuarial survival of 82%, 71%, and 52%, respectively. There have been 26 late deaths: 12 from sudden ventricular arrhythmias, 8 from progression of CHF without MR, 3 secondary to complications for other operative procedures, 2 that progressed to transplantation, and 1 from suicide.
The immediate postoperative echocardiograms showed a mean transmitral gradient of 3 ± 1 mmHg (range 2-6mmHg). At 7 years of follow-up, patients are in NYHA Class I or II, with a mean ejection fraction of 26 ± 8. The NYHA Class improved for each patient and all patients reported subjective improvement in functional status. There was a demonstrated improvement in LV ejection fraction (LVEF), cardiac output, and enddiastolic volumes for all patients, with a reduction in sphericity index and regurgitant fraction. Although significant undersizing of the mitral annulus was employed to overcorrect for the ZC, no mitral stenosis was induced and there was no evidence of systolic anterior motion (SAM). This was most likely due to widening of the aorto-mitral angle and increased LV size seen in myopathic patients. In addition, acute remodeling of the base of the heart from the undersizing of the mitral annular ring may also contribute to the improvement seen in these myopathic hearts. This may re-establish the ellipsoid shape and somewhat normal geometry to the base of the LV. [12] [13] [14] [15] These encouraging results have been confirmed in several recent studies. Bitran et al. 30 noted a decrease in heart failure symptoms and a decrease in New York Heart Association (NYHA) functional class in 115 patients. In another report of 81 patients undergoing mitral valve surgery for mitral valve regurgitation in dilated cardiomyopathy, LVEF improved from 24% to 32% and there was an improvement in NYHA class from 3.3 to 1.6. Survival in this study was 73%, 58%, and 38% at 1, 3, and 5 years, respectively. 16 Finally, in a series of 44 patients who underwent isolated mitral valve surgery, LVEF improved from 28% to 36% and NYHA functional class decreased from 2.9 to 1.2. Survival was 89%, 86%, and 67% at 1, 2, and 5 years, respectively. Furthermore, this study noted a decrease in the left ventricular chamber sphericity. 31 Interestingly, following the repair patients were able to tolerate even higher does of medical therapy.
Further evidence of underlying mechanisms of why mitral valve repair for patients with cardiomyopathy may be successful is taken from a study of the coronary flow characteristics in patients with MR, in the absence of coronary artery disease. This study assessed coronary flow characteristics in patients before and after mitral valve reconstruction. Coronary flow reserve was limited in patients with MR due to an increase in baseline coronary flow and flow velocity, which was related to LV volume overload, hypertrophy, and preload (LV wall stress). The restriction in coronary flow reserve improved following mitral valve reconstruction because of a reduction in the baseline coronary flow and flow velocity, once the LV preload, work, and mass were reduced. 32 Based on this study in patients with MR and cardiomyopathy, a restriction in the coronary flow reserve would seem probable and an improvement in flow reserve and velocity would be expected following mitral valve repair. Ultimately mitral valve repair within this setting leads to an improved LV geometry.
SUMMARY
The MR associated with end-stage heart failure is thought to occur due to a progressive dilation of the annular-ventricular apparatus, altered ventricular geometry, loss of leaflet coaptation, and LV wall-papillary muscle dysfunction. In this setting, medical management alone may not be sufficient and the perceived high morbidity and mortality of surgical interventions associated with end-stage heart failure patients no longer apply. Mitral valve repair with an annuloplasty ring effectively corrects MR in cardiomyopathy patients. It is safe in this high-risk patient population, and has acceptable operative mortality. The effects of this procedure with severe myocardial dysfunction may be attributed to a decrease in the regurgitant orifice area, better effective forward flow, and an increase in coronary flow reserve, all of which contribute to restoration of the LV geometry. Combined with optimal medical management, the treatment of end-stage heart failure can be expanded with results that approach that of transplantation without the need for immunosuppression while decreasing the need for anticoagulation. Thus, by restoring mitral competency and ventricular geometry, mitral reconstruction offers expanded treatment strategy for end-stage heart failure.
